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ERRATA

. NATIONAL ADVISORY COMMITTEE FOR AEROGNAUTICS -
TECHNICAL MEMORANDUM NO. 1010

ANALYTICAL THEORY OF THE CAMPINI PROPULSION SYSTEM

Page 10, line 10: Op = 0.236 should read 'Cp = 0.2386.

Page 17, formula (3): T4 should be 'Td.

Page 23, denominator of formulé (5): p2 should be «v-.
Page 24, formula third line from bottom should read:
wr oo e Y + X [9(1 + k)-.e Y]
E Cy (1 + k)
Page 25, formula ninth line from bottom should read:
g2 - ¥
32
Page 26, formula (4): R° should be R.
Page 43, formula ninth line frem top should read:
2 _ or K
R = gz ¢ @ (1 + S
Page 45, formula (1): w should be w.
Page 47, formula (4) should read:
v T
0
r =r, — —
: 0 v T,

Page 49, formula near bottom of page: Remove n from
square root sign. : '

On pages 22 and 23, the formulas containing a were
intended to use the letter g, Jjudging by the second part
of the article. The confusion is apparent in the first two
formulas on page 47.
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ANALYTIGAL EHEORY OF THE CAMPINI PROPULSION SYSTEM*

'ﬁgg; By s. Campini [}Y”

édMMAétf'

ES

Following the description of the new. propulsion

tsystem and. the., definition -of the propulsive efficiency,

this efficiency is calculated under, various cond1tions of

,flight with allowance for all internal losses.. -

. ~The eff1ciency and conSumptlon curves are plotted
thelr practical values discussed and the behavior of the
system analyzed at various altitudes and speeds. The
superiority - of this over the conventional enginerpropeller
system, starting from 400 kilometcrs per hour (248 mph),

with respect to range and welght per horsepower output is
;affirmeds‘ . B e

;The—lmmedlate poselbllities of: the new system in fllght

at hlgh and very high altitudes in relation to the theoret-

ical and experimental results obtained are discussed in
detail.. : : ) , .

The present report is a continuation of the stud& made

~in 1929 of which the first two parts were published in 19030

(reference 1), while the remaining parts dealing with the

"aetion of jet - prOpulsion in fluid medium have never - been
.released. : .

Since that time the theoretical studies heve been
combined with systematic experimental research for the:

- purpose of checking the practical value of ¥ts fundamental
‘laws and for -the - experimental determination of the factors
-which would enable us to pass salely from the theore%ical
-to the practical stage. : . . v

“-Tﬁeée:exberimeots;iﬁa&eLiﬁ*oolleoofaﬁlog“with“fhe”

‘Capronli-Airplane Company.cf:Milan, havé._ é¢onfirmed all of

afore~mentioned  laws, and afforded a.marked improvement in

“the .practical value of the ‘varjous 'factors  defining this

*WSulla Teoria Analitica del'Moto—Propulsore Campini .t
Ltierotecnica, vol. XVIII, no. 1, Jan. 1938, pp. 18-63.
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type of propulsion. (An elaborate report on these factors
is to be published in dué:courses) :

The present report deals exclusively with the partic~
ular jet-propulsion sys'tem. mentioned in'the cited reports.
The discusgion 1s limitedy for the present, to the ana-
lytical study of the éfficiency and the consumption for
the case of application to aircraft and to the plotting
of the practical operating curves secured theoretically
by the use of suitable experimental factors.

The purpose of this study is to enable aeronautical
technicians, interested in pfroblems related to high-speed
flight at low and high altitudes, to calculate directly
and rapidly the results that can-be obtained in practice
with this.system of propulsion when applied to any appa~-
ratus ‘in accordance with the characteristics required,
whilé using convéntional heat engines and compressors,

1. CHARACTERISTICS OF THE PROPULSION;SYSTEM-'

The description of the system can be limited "'to the
operational part and specifically to the extent necessary
‘t0 ‘secure an accurate solution- of its efflciency (refer~
ence 2) :

The propulsion system creates a thrust reacbion in the
following manner (reference 3).*

‘The fluid medium enters under the effect of a simple
relative motion, that is, ‘'without deflection or shock, :and,
as .soon as it enters the intake ddct, it is sudbjectéd first
t0 a dynamic compression by reason of the guasi-integral
transformation of the kinetic energy of inflow into pres-
sure, then to a further mechanical compression by means of
the compressor driven from a heat englne. Subsequently
this twice compressed fluid is heated at constant pressure
by thermic means so that the speed iIn the expanslion of the
discharge is augmentéd to the amount necessary to produce
the desired propulsive energy.

*Phe procedure was developed and explained by René Lorin as
early. as '1913s The .calculation of the efficiency :was
made by G» S. Steckin in 1924 (see references 3-and 19
for greater details), while Campini deserves much credit
for developing these ldeas. . .. o

— A
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In practice the . thermic: 'means, inwvolwe. primarily the
utilization wof: the: heatvdis&ipated by the:engine and second-

carily the -eventual direet comhustion of atomized amnd: vapor~'
"ized fuel. : S o Lo

D

The ope.rationai-defin:iti‘o'n of the. system is shown in

"figure 1. The air entrained by relative emotion enters’

'

duct 1 where its kinetic energy derived from the relative

-speed of inflow, 1s changed' to. pressure., “Following this

preliminary compression accompanied by a marked decrease

in speed the air passes through compressor 2 where its
pressure is agaln considerably increased. It then receives
the heat dissipated by the engine 3, which drives the com-
pressor and subsequently receives the eventual calories
produced by the burners 4. Lastly it is expanded in nozzle
5, where the thermodynamic energy accumulated in the various
phases of compression and heating changes to speed of dis-
charge.

2. CALCULATION OF THRUST AND RESISTANGE

.If the propulsive system as described and illustrated
in figure 1, were isolated, that is, had none other than.
a propulsive function, the thrust produced by it would be
equal and opposite to the momentum impressed by it on the
ambient fluid, as is known from the momentum theory (refer-
ences 1 and 3). In this case, by defining two control
sections 1 and 2, the first upstream, the second downstream
from the propulsive system where the fluid filaments become
parallel again and in which the relative pressures are zero,
the foregoing theorem would give: :

+

where p = density, v, - v; the increment of the speed
incurred by a general flow filament which separates the
area - dA on section 1 while passing from seétion. 1 to

section 2, But since the propulsive unit cannot be iso-
lated because it also has the function of fuselage and
‘because of the practice obtaining in seronautical science
of never considerlng the resistance offered By the engine
and its cowling as a negative portion of the thrust pro-
duced by the propulsion umit; it is preferrabdble in this
case also to distinguish between an external drag of the
unit and a thrust produced by the same.,
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"7 The: external drag, except in special cases, can thus
‘be included with the various ‘resistances encountered on
aircraft -and -hence be. 1ncluded ‘in the: aerodynamic charac~
teristics of the model; it can be ascertdined direct in
wind—-tunnel tests, the difficulties regarding inlet and
discharge nozzles belng solved experimentally, or else
calculated. :

) The effectuated distinction calls for a precise
definition of thrust and resistance. ‘Let us assume as
external resistance. Re of the system, that is by defini-
tion, the integral of the Impulses, undergone by the fluid
not paSSing through the unit, between control sectionsl and
2. Assume further as thrust S the same integral referred
to the fluid passing through the unit. By definition,
calling w the area isolated from control surface 1 by

the fluid that passes through the unit, the momentum equa-
tion reads;: : “

S =p /qv1 (vo =~ vy) d 4, (2)
=S . .
¥ 03— w

The effective‘thrust Sy of the 1solated propulsion
unit therefore follows as the difference between thrust
and external resistance of the system.

From t he definition'of the external resistance it
~1s then deduced that, in the absence of viscosity, the
application of d!'Alembert's theorem to the indefinite
so0lid constituted by the propulsion unit and the fluid
jet that enters and discharges from the unit, immediately
affords:

/7v¥ (vy - vg)bd"A1 =0

However, Re 1s positive in viseous fluid and its exact
value must be secured experimentally: for each case.

It is interesting to compare'the external resistance
and -the resistance of the moving body obtained from the
propulsion unit by c1051ng the inlet and outlet ports by
means of aerodynamically correct surfaces which transform
the propulsion unit into a streamllne“ body., -

Experiments of this nature have been made on solids
of revolutions in the Caproni wind tunnel and repeated in
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the Rome tunnel with identiaal results. SImilan exper~

6) on Jet—propulsion systems with.wery small discharge areas

as compared to diametral. section.f;ﬁ”,

Theoreticallm it is found that for ratios between
diameter of intake orifice "and diameteér of maximum outside
section in excess of 1/3 to 1/2 a considerable decrease

.in external resistance becomes manifest on opening of the

ports, while for ratios below 1/10 the effect of the
ports is negligble . (references 5 and 6) .

This is obvious, moreover, since the body drag must
depend largely on the difference between the diameters of
the maximum outside section and that of the intake.

These experiments and their interpretation will be
discussed later on. For the present it is simply stated
that in practice for ratios of around one-half the body
drag is so low that it can be included in the friction
drag with a correction factor equal to 1, 05 to 1. 10

The external drag can thus be computed by means
of the formula known in aerodynamics for the solution of
the turbulent friction of a flat plate:

Re = ¢¢ g 0¢ (1.05 to 1.10) (4)

where q 1is the dynamic pressure (mm), O, the out-
side area and c¢t the friction drag, in relation to the
Reynolds mumber relevant to the speed of the .test per
length of propulsive unit, a factor which can be expressed
by the Kdrmdn relation.* ‘ -

- o0.0m2 ./ 1L 7 v 1 o
Cy = 0.072 5 —B—_; Ry = XL-L- (5)

As for the thrust ’it can be. obtained at once from
(1), when the speeds in control sections 1 and 2 are con~
stant; an assumption whiich in practide ‘is completely
verified for the 4nflow" velocity and almost completely
for the discharge velocity. i

* Verified in the case ih}point;at'Ri:é 106,
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With . "deneting the aréea isolated by eontrol
section 1 from the fluid" et which enters the propulsion
"unit.and ‘p the defisity and ¥ and V- the forward
speed and the relative speed of discharge, respectively,
we get:

S=wpv(v-fv’,).. . . (6)

Aliowing for the fact that in ‘such prdpulsion unit
the mass flowing out is greater than that flowing in,
because of the fuel being united with the fluid, and call-
ing o the quantity by weight inducted by the unit and ¢
the quantity of fuel mixed per kilogram af indlcated air,
“we have. by putting Q = w p 9 v .

=8 (¢ V- %)with o = 1 + ¢ (7)
g - : Lo :

‘This formula, which has been frequently verified
experimentally and which with a = 1 gives the thrust
of an equivalent propeller, permits the direct calculation
of the thrust, once quantity &, the actual mean rate of
discharge and the coefflclent of increase of mass a " are
known. , ‘ :

3. EFFICIENCY OF THE PROPULSION SYSTEM

The propulsivé efficiency is defined as the ratio of
~work done by the thrust S and the mechanical equivalent
of heat energy absorbed per unit time.

With € denoting the calories consumed per kilogram
of ambient fluid the propulsive efficieney follows at

Sv _v(aV - v)
QCE . CZ g

,y =

'But, bearing in mind that the jump ¥n speed V — v  between
eontrol sections 1 and 2 'reguires for eachkﬂlogram ‘0of fuel
the production of kinetic energy

. AATR At
WS g o =
o 2 g 2 g




NACA Technical Memorandum Nb; 1010 v

it follows immediately, -putting for formal simplicity:

)

%‘ R . m._,.', ngﬁ'—l ) K _- . (8)

that the propulsive efficiency of the eYSteﬁ can be ex-— "
pressed in the form

y = m . a (9)

This'formula obviously holds good for any type of
propulsion system including the engine-propeller system.

Factor m, very  appropriately termed the propulsive
efficiency by some writers, is independent of the type
of propulsion system, but depends entirely upon the ratio

"of the relative speed upstream and downstream from the -

system. Factor W/E C, on the other hand, characterizes
the propulsion unit and may be termed the 1nternal effi=
ciency of +he system itself. .

In the case of propeller propulsion, with n called
the propeller efficiency, the efficiency evidently becomes

y =ne

where e represents the efficiency factor of the engine,
that is, the ratio of energy input at the propeller shaft
to the mechanical equivalent of the consumed heat energy.
The term 7 is then given, of course, by the product of
propulsive efficiency m and the blower efficiency of the
propeller (reference 7, p. 445 sec.. 64),

Since a = 1 in this instance, we have:
2 v 2

m=- . =
V+ v R + 1

The engine efficiency is replaced in modern engineer-
ing by the specific gasoline.or fuel oil consumption. This
could. also be done in the case in question by an artifice,
but because of the. interference, between propulsive and
thermal efficiency it is more logical to refer to a con~-
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sumption per horsepower per hour .of ‘the -propulsive power
rather than to the power produced as kinetic energy W.
Hence, .the propulsive efficiency of any propulsion system
in which the engine gives .a.fuel and oil -consumption of
™ grams per horsepower per hour of propulsive power out-
put and in which the mean heat value of fuel and oill is
denoted by P, reads:

g = 3600 %75 ., - 3600x75

To illustrate:

For P = 11,000.(gasoline) we get . w = 57.50/y in
gr/hp/hr X. : CLL -

. A modern propulsion unit in which the engine- consumes
230 grams. of gasoline .and 10 grams of 0il and the mean
propeller efficiency is 0.8, ‘would have a consumption of

320 gransper horsepower and a propuls1ve efficiency of 0,19,

: On the basis of the foreg01ng a comparison can then
be established forthwith between different propulsion systems..

. The calculation of .the efficiency of the propulsive
system then reduces to that of the propulsive efficiency
m and of the internal efficiency W/E C° and hence of the
discharge veloecity V which defines the consumption €
for the velocity v under consideration.

, The calculatlon can be made rather easily in this

' instance, by following the flow in its thermal evolutions
“.and, with - some care even some’ relatlvelv small analytlcal
expressions .can’ be assumed.

Therefore let us examine separately, and in order,
the various evolutions experienced by the fluid in relation
to the characteristics of the compressor and of the engine
with due regard to all the losses produced within the
system. .

4. DYNAMIC COMPRESSION
o If Ty 'is the absolute temperature of the’ ambient
‘mir ' and v speéd of- ‘advance of’ the propulsién system,
the compression effectuated in the 1ntake tube, in the
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case of .complete stoppage and. in absence of shock and

A?fr}ctionwlosses,»follows frOm the aero- thermodynamic

relation which gives the dynamic pressure of a flow under
adiabatic compression'j

_zi=--_>s_13___w_g,[g_1.>———,x 1]
2g X“~-1 . Po. i
But instead of conputing the dynamic pressﬁre for

obtaining somewhat general results .comparatively suitable
for a comprehensive treatment, it is more convenient -to

‘follow the variations in absolute temperature (references

3 and 12).

This eliminates the factor with the fractional com-
ponent which otherwise complicates the determinations.

For this purpose a brlef cohsideration of the aero-
dynamics involved may be timely: it is well known (refer—
ence 9) that in compression or expansion without exchange
of heat with the outside, but with eventual development
of heat due to shock and frigtion, the conservation of
energy is expressed by the fundamental hydrodynamical
equation.

ag=Yav __ &P _ 45 (1)
g g

where %—2 is the work done per kilogram of fluid against
the pressure and d R the energy against the forces of
friction and shock, energy which is transformed into heat,
This equation, which is fundamental for the study in questilon
can be changed, of course, by making use of the first prin-
ciple in its form of 4 Q = cy &4 T + Ap 4 V and integrating
with c¢p- constant, in the fundamental eguation

LN (@)

whieh permits direct deduction of the finite inerements
or decrements A T of the temperature corresponding to
any finite variation A W -of the kinetic ‘energy for trans-—
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formation, whether adiabatic or with "incredse in -entropy,
or adiabatic or isentropic. “The :effect of friction mani-
fests -itself evidently in requiring, by equal variations
in kenetic energy, a different value of 'd p/p g and
hence a variation of the pressure different from that
necessary with an adiabatic change.

_Following this brief discussion we can proceed at once
with the calculation of the increment A T due to the dy-
namic compression, .

: Bearing in mind that E = 427 and Cp = 0.236 for
air and temperature within -50° to 600°  and :denoting the
residuary velocity after the change with ¥r the foregoing

equation affords-: ' .

: 2 2
I A 2 = 1 - z:)
s Rk <Y | (3)

If T, 1is the ambient temperature it follows that
the temperature after the transformation, whether accom-
panied by friction or not, is in every case: '

2

1980

P, =Ty + ATy =T, + z

and if the change takes place without friction, that is,
adiabatically, it would afford a compression ratio attain-
able from the known relation

I

R e ' )
Pl1_ (.’5.))("1 ’ (4)
Po o’ |

If, in this latter case, a new adiabatic ekpansion
1s produced it again would yileld the initial kinetic energy.
However, because of the friction, the pressure reached is
less than P';» so with 6, denoting the efficiency of
the pressure of the transformation duct this effective
pressure p, follows the relation

P1 - Po = 6p (P', = Do) : . | (41)
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where the term p; - g can be secured experimentally
by means- of--a- pressure-.gage . -hence, . with - Py .=.Po._ known
the efficiency Gp of the. pressure can be deduced.

The thernodynamic potential energy actually accumu-

. lated is that which can be obtained by complete adiabdbatic

expansion, starting from the effective pressure p, and
terminating with the outside pressure p',, .The effective
temperature jump A Ty and the final temperature are

A easily obtained; with T, denoting the terminal temperature

of expansion the effective jump A Ty 1is according to

‘equation (4);:

T X-1
P

o= m(a- °>=T1[-l‘(§9>x
1

Ty

It follows that the thermodynamic efficiency of the
change of kinetic energy into pressure taking place in
the intake duct is:

X=1
39) X
A Ty C g = — Py : (5)
A Tg 1 - QBQ i
P']_ ’

For extremely low compression the development in
series, with the powers greater than of the first order
discounted, affords:

6= 2h g {d P! = Ph - Po
P g = -
Pl P p]_ Po

For high compression-it is necessary to employ the
foregoing formula reproduced in the graph of flgure 2.
It is readily seen that the thermodynamic efficiency is
always superior to that of pressure © and tends to
unity whatever the value of Bp (the only condition
being: 6p # 0). : '

This accords with formula (5) in which 6 always
equals. 1 for-gg; = 0 and which has its reason ih the fact

that for extremely high operating speeds the shock and
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friction ‘energy is-not lost at all but becomes heat which
in a large measure is utilizable in the subsequent re- -
expansion. The effective ratio of dynamic pressure with
friction results in the conclusion given by:

Py (
Po -

in function.of the thermo&ynamic efficiency ©. - Moreover,
the kinetlc energy which could be produced with a new adia-
batic expansion, without loss, follows from (3) and (1) at

: X . . SR
T\ : . . "
Tfo>xf1 @ith T' = T, = ATy = T -8 & Ty . [6)

Vo 't® ‘ : vp? ' v2 v, 2
T op -0 A Tat3c, 8 28 TR, TEE o ()

5. MECHANICAL COMPRESSION

This compression acts on the air at the absolute pres«
are and temperature given in the preceding paragraph; the
air, moreover, still has the residuary kinetic energy for
v 2

T
2 g

Suppose the compression raises the absolute pressure
to value P while the residuary veloclty vy at the com-
pressor outlet remains unaltered. In the absence of fric-
tion losses this compression would raise the absolute tem-
perature in the ratio:

each ké

X=1
T'B:/P2 '
—=) X (1)

T, P1

resulting in an increment of temperature of
- pEE ,
AT, =T, [<.a> X - 1] S (2)
Pl g

whence, after compression, the theoretical temperature
would be: o

Tty = T, + A Ty ‘ (3)
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Accordingly the effective ratio of compression

—pz/pl is dependent upon the .theoretical increment

& Tp conformably to equation (4) section 5.

But, since the pressure efficiency of the compressor
is less than unity, it follows that. in order to obtain
pressure p, it 1is necessary to prevent a theoretical
pressure p', 1linked with the real p, through '

Pz = Py = Yp (P'a - Pl )l (4)

where Yp is the pressure éfficiency of the compressor.

But in correspondence with this theoretical pressure
P's a rise in the effective temperature.

r \X~ : T
= __2 - —é—-—-m ’
8 Toe Tli. 5o/ X IJ ¥ (5)
where Y = adiabatic efficiency of compressor, is necess—

ary according to the foregoing.

Hence in order to obtain the effective pressure P's
required per kilogram of air, a compression energy equal
to.

A T,
Y

(6)

AWp =cp B A Tpe=cyp B

is necessary.

: The foregoing adiabatle efficiency is then associated
with the pressure efficiency Yp through

<pa\ % “_* S Iy

(7)

\p1
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which fér low pressures as encountered in practice,‘is,
.after. development ih series, ) S

=y 1 - 0.355 4 p/p,

Y
P1-0.855 ¢ p/p,

dp - P2 B o pl

The'exact‘value'of 'Y plotted against ‘.p in the
graph, figure 3, illustrates equation (7), If an engine
of HP, horsepower is available 1t follows that in order

to obtain the increment of pressure p, desired for a
quantity of air @ kg/sec the relation:

75 H Pg _ H Pg
A Tpe = —— . F 0.744 =—=% (8)
E-cp Q- - Q

must be satisfied.

With .the term of the mechanical compression phase,
and with the assumption that the air leaves fthe compressor
at the same speed vy as at inflow, the compressed air
finally assumes the effective temperature Ty :

R o T: L. . .
7, = 7, + 270 I

6. MINIMUM INTERNAL SPEED OF THE COMPRESSOR =~

MAXIMUM COMPRESSION

The residuary speed vy can be computed in some
cases while in others it cannot be achieved a priori.
It must be put in ratio’ w1th the maximum: section availabdle
in the interior before heating and with the total com-
pression attained in this section (3. If the residuary
speed in this maximum section is reduced to v, 1t follows
that on exit from the compressor an effective increment
of . temperature )

2 2 ’
ve© -
A Ty = ——" TB (1)
2 g B Cp
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i1s produced at the maximum section, as well as an effecw-

- {¥ye dynamic pressure. p,/p,--which, with 6. as thermody-

namic efficiency, affords, as in the first phase:

(2)

) T, + & Tp\Tog '
3 < 2 1‘>X,—1 w tth Ta" = Ta + (l - 6) A Tr

T2"

and

—— D emwelh c—— ———

as ratio of compression in the maximum section Q.

This ratio can be expressed in simple fashion by
combining the final increment A T, with the initial in-
crement A Ty or by making the assumption that the initial
dynamic compression of the outside speed v continues
toward the speed v, existing in the maximum section
behind the compressor and in consequence neutralizes the
ultimate compression Py — Pp. This assumption, which
in practice produces no appreciadble changes in temperature
nor in pressure, simplifies the analytical formulas and
permits sufficiently exact conclusions. In the following,
therefore, the speed v, (cf. equation 3, section 5) is
replaced by the speed v, relating to the maximum section
{2 and the ratio Z, by introducing the pressures and tem—
peratures, 3o that:

gz=1“v m

This formula affords the value of Z necessary to i
compute the dynamic compression. The compression phase
Ps/Pz is then included in the dynamic compression, whence
the new residuary speed follows at

vy, =V LPo Tp ‘;‘ . - (4)
. QP2 To | - o
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7 e HEATIKG AND COMBUSTION

With Cp denoting the calories absorbed by the
engine per kilogram of compressed alr, and e the efficiency
factor of the engine, the heat changed to energy Wy, at the
compressor shaft is only e Cp »whilg the remainder

represents the heat not utilized and which in consequence

is dissipated by the engine through the radiator, the

engine itself and the exhaust gases. On the other hand the
effective calories e C produce, according to egquation (4),
for .each kKilogram of fluid the mechanical energy Wy (in
‘calories) amounting to

W -
A
X % = ©Cm = ¢p 'v‘m

In addition the residuary calories Cp, when utilized
for heating at constant pressure the seame kilogram of air
with specific heat . ¢_, produce a temperature rise in -
accordance. with P S '

Cr (L - e)'cm
. ®p °p

Hence the total heat produced by the compressor assembly
(the actual heating incdludes friction losses) in the
assumption for disregarding the increment « of the mass
produced by the fuel amounts to: :

- . + - m .
me ~ . v e . L e ¥ (D

which, for the rest is evident and readily obtainadle.
By means of the action of the compressor unit the com=
pressed alr attains thus the -temperature Ty~ given by

A Tp
ey
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At this point 'a more . or  less powerful combustion
“takes~place, as-stated 1n the beginning, which, for each
kilogram of alr again ralses the temperature of the term

A T, absorbed in conséquence.of heat €, with K denoting

the ratio C,/Cyp :0f ‘the ‘heat’ absdrbed by the combustion.
to that absorbed by the 'engine, the specific heat Cp of
the ‘gas can be -once more maintained constant; the result-
ing increment A T, ‘equal to K changes that produced by
the isolated- compressor unit. ‘tha't 1s'-7 :

(1)

o
2
s

" The foregoing assumption regarding the value of Cp
ls verified in practice (reference 8, p. 55, reference
9, P. 197) since in the case in question the combustion
of air is limited to a very small fraction of air and so
reaches low terminal temperature, where neither the fac~-
tors of dissociation of the mixture of CO and C0O nor
the variations in temperature intervene to appreciadbly
modify the values of Cpe The terminal temperature T,u!

from which the last phase of expansion is initiated is
defined by:

1+K (2)

Tegt = T4 + AT + A T, =T, +
4 1 me c 1 oY & Ty

and at that in the absence of heat losses in respect to
the outside of the propulsion unit. In fact, this situ-
ation closely resembles actual conditions, whether due to
the low temperatures in play or because of an opportune
heat insulation which is easily established on the outside
surface of the unit. 8till, in any attempt to prevent

a loss it should be kept proportional to the difference
T4y - Ty and so can be expressed by a factor which-
multiplies A Tq and A T, 1in such a way. that the temper-
ature T, before dlscharge reads

.

1 + K

v ,A,Tm N (3)

with @ ranging between 0. 98 aﬁd’l ‘according to the
type of insulation employed but independent of the tem—
perature jump T, - T,.
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8. INTERNAL PRESSUREyLOSS>DUE-TO FRICTION AND HEATING

&t the point where the compressed gas is heated to-
initial temperature ®T;, its expanslon obviously:.still -
exists up to the already computed pressure Pp since
given the low speed reached by the gas inside the pro-
pulsion system, the loss of pressure due to wall friction
is insignificant.  To illustrate: 1in case that the -total
conpression p,/py is equal to 2.20 the specific volume
of the fluid is approximately half of that of the ambient
fluid. If, on these premises, the maximum inside diameter
of the unit were equal to 1.8 times the diameter of the
eircle w of the Inlet, the inside area, in this. iastance,
would be by about 3.20 greater than area w and the in-
ternal velocity Vp would then be about 6.4 times lower
than the foward speed. TFor an operating speed of say
250 miles per second, for example, it would afford an in-
ternal velocity of 39 miles per second, the load loss of
which would be of the order (of magnitude) of some centi-
meter of water column and hence °of an order of magnitude
of 1/1000 of the total pressure py = Pg = 1200 centimeters.

However, with v, denoting the speed of discharge of
the compressor, the pressure loss in the short.length of
duct leading to the discharge, may be expressed by the
equation: .

Vm
APy ==t 3 P _ (1)
where - £ 1is ﬁhe'loss-QOefficient.

But more important are the load losses deériving from
combustion and heating. These losses can be computed as
follows: S

If T is the‘temperature before heating and T,
that after heating, it is readily seen that with maximum

arca {1 remaining available the speed increases up to
a value v, given by:

Vo = Vo —2 =2 L 28 ~ oy . ..
¢ = m T, ._--‘-,‘,.m“Tz o ) (2)

On the other hand, application of fhe momentum equa-—
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tion to the fluid compressed in the cylindrical pethvbounded
“by-sections équal to (2 where the speed: vévand'vﬁ>~aﬁd‘the
density pe and pm exist, affords:

Q A Pe -Q m Pm (Vc - Vm) e Pm__ (3)
Pe Tz ' :

Then the above variations in velocity define the follow~
ing pressure variations:

Te= T )
B Ps = py Vo Vg~ Pn Ym° = Pm m© -—T;—E ' (4)

To compute the loss in effective energy caused by the
reduction in pressure A p it is convenient to refer to
the pressure that can be produced internally, when, after
heating, the residuvary speed is changed into pressure.

In the absence of pressure loss the fluid at residuary
speed V, and density p, deriving from heating would
have produced the increment of pressure

2
vm”® _ vme Tp
S Pm 5 E: (5)

8D, = pg

while the increment, obtainable at speed v, which belongs
to the case of pressure loss, is on the contrary:

2T, :
= Pp —o— Im” (6)
2 2 T,

But in both cases the same temperature Ti4 ~is reached,
that is to say, by equivalence of total heat dissipated in
the fluid in both cases, with T', = T, + vp®/2gecp E.

In the subsequent expansion the variation in kinetic
energy follows thus from the finel pressure differences’
between. the two cases, or from the effective loss which may"
‘be termed the absolute load loss

Ap=mDy+ 4Dy - (Pz+ & PY)
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~ which by having recourse to equat1ons(5). (6), 64);
becomes , P _ ; )

2 2 )
v T v T T4 - T
A p = p .._._m._ _.E. + I ._.i - vmz 4 3)
m 2 T4 2 Tz .. T-SA

or simply:

2 S AR
v (Ta - T5) h
A P = Pn g Tz T42 . ' ’ (7)

The loss in pressure due to friction and heat can

be expressed by
(T;?: e T2)2>
" Tx T

Bearing in mind equation (1) section 5 with d R = O
which ties the small variations of kinetic energy to the
small pressure variations 4in the adiabatic expansions it
is concluded that the pressure variations produce the loss
of kinetic energy in the discharge referred to one kilo-
gram of fluid given by

Ap

| .
i aw= (e el I R (71)

When T, - T, 1s-lower than T, T,, as occurs when
the temperature prior to expansion is below 400°- 500°c,
the pressure losses by a given small value of ¢, can reach
at the most the value corresponding to the dynamic pressure
belonging to the residuary speed in the maximum section
after double compression. 1In the contrary case the losses
can be accurately defined by the foregoing formulas. But
in a general study, as in this instance, allowance for the
low internal pressure losses means to consider the total
kinetic energy loss that corresponds to the residuary speed
in the maximum section. This assumption is unfavorable at
internal temperatures below 3000— 4000, ‘but beneficial at
temperatures above it and may serve -even as basis for a
very accurate calculation when the maximum internal section
has an area of not less than two or three times w,
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) Following the appraisal of the. pressure. losses we -
pass to the Ultimate phase of - operation. C e

9. EXPANSION

The gas at pressure p, and temperature 7, (previous-
ly computed), begins its expansion to pressure p, and tem=-
perature Tg, producing a theoretical discharge velocity
defined by ’

V"Q
2 gEWCP

=’T4~TS=T4<1——“S‘ (1)

But, according to the equation for the adiabatic
expansion

- X-1
Ts 2 (RoY 5
T4 p2

where the ratio Tg/T, is identical with ratio T',/T1,

of the adiabatic analogy of expansion which from temper~-
ature T', and pressure ©p, reaches temperature T',
and pressure p',. Bearing in mind that this is found
in section 5,(6),and in section 6,(3).

TYO:TI-eAmd T‘2=TO+A Td+A Tm 'I:1+AT!I]

we easily find

1_?_§_=1_T1“6ATd=eATd+ATm ___x (2)
T4 Tl + A Tm‘ To + A Tq + A Tm

This ratio X defines the efflclency with which the
calories subjected to constant pressure along the isobar.
P2 are changed into kinetic energy of discharge. This
derives from the fact that the factor

T | P .'-li
x=1,‘—-a=1~_°>x (21)
NEN T4 p2

represents remarkably close the efficlency of an ordinary
cycle formed by any two adiabatics between the extreme
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pressures ©p, . and pgy.
Putting for simplicity

AT
m =T E-Q—-—-t-—A—-.?-d_:a, P . (3)
6amy 6 A Tq: -

the eguation X of the efficiency of the fundamental
internal cycle assumes the simple form - .

where v and o have an important physical significance.
Term r in fact represents the ratio between the power

of the mechanical and the dynamic compression and is a

parameter of considerable influence at high speed on the
value 0f the propulsive efficiency. This parameter r
takes the place: of the ratio between the two respective:
compressions, mechanical and dynamice, by simplifying the
analytical expressions through elimination of the fracs
tional expomnent. . . : T . b o

As concerns term a, it is readily seen that it rep-
resents the inverse of the efficiency of the fundamental
cycle X, in absence of mechanical compression,

In this case, in fact, the cycle develops between
pressure p, and P, and assumes the value

X = 1 - (%3 X
1

which, as is seen, coincides with the formula

T! B AT 1
x Ty To + A Tg @

A comparison of equation (3) above with the expression
for - A T4 1in section 5, (3) affords .
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1980 T, + z v® -
‘ z 8 p2 - - g

which enables finding a by.giyen operating speed and-
~ambient temperature. 'T,gs Rotable being the experimental
coefficients .z and § ’ ,

Entering the term X in equation (1) the rate of
discharge V is then evolved from

V2
S S X T ) L . 6

where V¥ allows for the friction losses in the discharge
duct. The above equation can be written also for equatlon
(3), 'section 8.

v2
2 g E Cp

= X<T+ A Tq + l+kAT>"
T.W ot @ d ® e Y m

which, making use ~of the second above, can be expressed
in the form ’

v2

2 g B cp

= ¥V oATg+ VAT -V X (1 -9)4T.

(1 + k)~ ey

AT (7
e v m )

+ V¥ X

10, XINETIC ENERGY AND EFFICIENCY

With the rate of discharge V obtained for evaluating
the kinetic energy it is necessary to refer to the equation
(4), section 1, but for securing a simple efficiency form-
ula, it is recommended to compute the increment of kinetic
energy of discharge produced by compression and heating
with respett to that obtainable with the single dynam1c
compression. .

In this last case for sections 5 and 7 in absence of
combustion or mechanical compression, and residuary speed
discounted, the alr compressed by the single dynamic com-
pression 1s discharged at rate v! according to
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via

Inversely thé_kinetic'energy at discharge in the case
of the preceding paragraph, bearing in mind that 1 kilo-
gram of air is mixed with ¢ kilogram of fuel, is:

@ V2 _ Vg

— a =1+ €
ngCP Ecp

Hence the portion of thetkihetid énergy actually
produced by the action of the propulsion system and the
combustion follows at - . ) .

w’:w—vla':Ech[aATm_'_a'xcp(l+k)—e'y
ey

F(a=-1)6 & Tg- (1~0) Xa A Td]

But in order to produce the temﬁerature increﬁent;:
induced between compressor, heating and combustion given

by Lt k Tm for the weight of air o with mean specific
e S o . )
heat ¢ the total calories

p
1+ g
Og = @ =%~ & Ty cy
are needed,

From this the efficiency produced by the kinetic

energy follows at

W'y gy &Yt X Efw(.1+k)-eﬂ+

E Cg ' ' e ¥

t

Bearing in mind that the term

. oY A TaV [(a'-l)e-(.i_»cp)ax]

d(1 + k) A Tp
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which largely represents the effect of the mass increase
“and of- the-cooling losses~is zero for.a.=-1. and. o= 1,.
that is, practically :zero for’ internal temperatures below
300°to 400°, and since the difference of the two quantities

i8¢ generally quite small, it is practically always Jjustified

to ignore them in relation to the other terms, hence write

e'Y+[cp(l+k)-e‘V]X
B 1 + k ‘ (1)

B =

without introducing appreciable errors.

Comparing this equation with (4) and (5) in section
1, while bearing in mind that obviously

2
a V5- v*

- s ¥y .
W o= TVE-Ts W' and putting < = R (2)
we find
5 —
y=muy B with| u = -2 2 L (3)

- a R~z § V¥

where all terms can be expressed as functiomns of para-
meters a and r and of the previously introduced
coefficients. ' ‘ '

2
The ratio .R2® = %3 is given by equation (6) in the
preceding paragraph and equation (2) of section 5, at

VX7 oz

2
R A Tq

and is readily secured by introducing the above parameters
along with equation (7), section 7.

P (1 + kY - e ¥
e Y

2

R™” = y =z [ g (1L +r) + X

rg-x (1-69)}

From this formula, with the fact in mind that 1~
.is quite small compared to the two others preceding it and
- that its omission would not produce any appreciable changes




26 . NACA Technical Memorandum No. 1010

in the ratio R and also that such elimination giving a
ratio R _greatér than actual- .always entails a small -
fvariation in less of term m,, the simplified formula

follows at!

¥z Q.ii +'r + rbx’;p(l#;kzé e ¥ ]’i '(45
With R® and heﬁcé“R wé iﬁmediaiely compute
and the propulsive efficiénc&
y = n B T . (6)

whence the consumption in grams per horsepower per hour
given by equation (3) section 6 reads:

. 57.50
= —5— g/hp/hr

With these formulas we can readily secure the value
of the propulsive efficiency in relation to-the two funda~
mental parameters o and r that define the operation of
the propulsion system, and plot the curves for the differ-
ent operating conditions.

When K = O, or in the absence of combustion, equation
(1) affords:

B=e¥Y+X (p- e'Y). (7)

When r = O,o0r in the absence of mechanical compress-
lon, equation (1) section (8). (K = o end hence according
to eguation (1) and (6) section 7 and equation (4) sec~
tion 10) affords;: .

al1e

B=9@X y=nopXs=/q (8)



NACA Technical Memorandum No. 1010 - 27

When & = » or for equation'(s)'sectlon 10, at very

'low speed,~in the "absence of combustion-and at low com~ -

pression, hence whem r 1is 'mot very high,
Bre¥Y y&nvYe . (9)

may be retalned.-'

From equation (6) it is established that the term

n=¢pnu

given by (B5) represents solely the propulsive efficienecy
comprising all losses. due to friction and to kinetic energy
of discharge, a term that exactly corresponds to the pro-
peller efficiency.

Term B instead fepresents exlusively a thermal effi~
ciency and can take the plasce of the thermal efficiency of

_the engine-propeller.system, while observing that term B
is directly dependent upon the efficiency. n and canno} be

examined sepatate from it, except in the special case where
we can retain X = O and hence B = e Y or else K = o and
hence B = constant. ' :

The efficiency of propulsion alone =g follows as
function of 'R only between the speed of discharge and
the speed of translation since the factors ¢, z and 6
can be kept constant, The curve of this efflclency is
shown in the chart, figure 4, for

@ = 1,01, = 0.99 =z = 0.97, 6 =,o;96
which resembles average exXperimental values.
It generally has a maximum obtainable by derivation

from equation (5) equating to zero and resolving the cor-
responding equation, The maximum for R, follows from

3m_; 1+ M/l - w a z e | |  ?:;1'“7; 10)

in accord with whlch the: eff1c1encv assumes the simple
form '
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max SRS 0

In the specific case where B 1is constant or in-
dependent of R this maximum coincides with the maximum
propulsive efficiency y which defines the speed of ad-
vance. But in a general case, the maXimum propulsive effi-
ciency y being variable with R, y occurs at a value of
R which more or less differs from that of Rm. whence the
necessity to plot the curves defining each operating speed
by poimts. It is obvious then that, once the value of r
and R have been secured, even a substantial variation of
these values from that defining the maximum will produce
practically no change in the propulsive efficiency.

12. EXPERIMENTAL COEFFICIENTS

The values of the varlous coefficients can be deter-
mined experlmentally.

As concerns the term £ p, Aymerito's test data (refer-
ence 1l1) on jets of 16 millimeter diameter in the contracted
section, or those by. Castagna at Reynolds numbers of around
5.10° or the more recent data by Ackeret (reference 10, and
24) can be used.

In thede experiments the ratio of absolute to theo=
retical compression was defided, By deducing from this
the ratio & between the excess .pressures, starting '
from the pressure in the minimum section, a mean pressure
efficiency of 0,90 to 0.92 is afforded for speeds below
1100 meters per hour. -Aymerito’s value was 0.95, (In both
these test series the 1=1eynolds number e;fect was deter—
mined.) : . - .

"In "general the pressure efficiency obtained with the
large exit cones of wind tunnels is 1less (reference 12).

Tests in the Caproni tunnel for instance, gave
scarcely 0.75 in spite of the benefit of large Reynolds
numbers. This is a direct result -of the deflection of the
air after passing through a chamber of immobile air or at
least a long cylindrical path of the jet where the bound-
ary layer thickness is greatly increased, and so becomes
i 1argely‘responsible for the separation from the walls of
the cone as soon as a minimum recompression is effected.
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(This is-shown clearly -in -‘Pomaso's -experiments: who found

-efficiencies .0f 0.98 -~ 0 99 in the absence ,of - the boundary

layer (reference 24).

When this boundary layer is minimum at the mouth of
the exit cone as in the-cited.experiments and in the some-
what older tests reported by Andre's (reference 13) the
efficiency also amounts to 0.90 ~ 0 92 for small Jets
(case of liquids) . :

In the case dealt with here there is no pre- ex1sting
boundary layer in the throat of the exit cone, hence the
results are better’, even for small diameters as borne out
by experiment.

Important systematic studies carried out in collabo-
ration with the Caproni Company have also brought out the
extremely great influence of the form of the jet and of
the Reynolds number. It may be stated that for large
jets (Reynolds numbers of 5-10x10° and speeds < 1000 km/h)
a pressure efficiency of 0.96 ean be easily obtained and
a resultant thermodynamic efficiency of around 0.96 - 0.98
at subsonic speeds, that is, up to about 1100 kilometers
per hour. (A report .on the efficiency at supersonlc speeds
i1s to follow in the near future.)

The pressure efficiency Yp depends upon the type
of compressor used. A high-power centrifugal compressor,
designed by modern standards, as regards blade sections
and fillets, can give an efficiency of %, = 0.85. An.
axial compressor with few discontinuities, and of the
same diameter as those used in the modern large wind
tunnels, guarantees an efficiency even higher and a quasi-
adiabatic compression: ‘Experiments made in the Caproni
laboratories with an axial compressor (sections derived
from the NACA airfoil No, 0020 with thickness and camber
varying progressively along the radius (reference 23))3
having a 460 millimeter impeller afforded an efficiency
of about 0.85, which agrees very closely with that obtain-
able on the basis of blade profile drag at the Reynolds
number of the test (at blade half about 3x10°), so that
on full-scale axial impellers (Reynolds number about 2x106)
a practical thermodynamic efficieney of from 85 to 90 -
percent or perhaps -even higher (reference 20) .could be

"counted on,

These results are not unusual when it is considered
that a propeller gives a propulsive efficiency which may
be as high as 0,85, hence a blower efficiency of the order
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»~

.ef 0.90 to 0,92 -notwithstanding -the losses by wake eddies,
- l1osses which are recowvered - to a great éxtent. in axial com-
pressors by the diffuser or straightener that neutralizes
the free axial vortex.

The efficiency of d1scharge ¥ 1is notably high and
closely approaches unity for convergent jets and subsonic
speeds. .At speed superior to the effects of thrust re-
action, a partial, rather than a complete, entrance cone
(effusor) is sufficient to improve the efficiency of the
discharge cone that obtains with a complete Laval nozzle
(reference 1, Part II) and which is known to be 0.95 to
0.96 for small diameters (references 14, 8, 18).

Tests at small Reynolds numbers (maximum about 108)
made .in_the Caproni laboratories with jets of 300 - 400
millimeters.-diameters at speeds of the. order of 50 meters
per second gave an efficiency of around 99 percent. For
large jets at large Reynolds number (Ry = b + 10 x 10°)
this efficiency is higher than 99 percent at any discharge
velocity (below 500 - 600 meters per second for gas at
300°).. Recent tests by the NACA on jet propulsion {(refer-
ence 5) with respect to the coefficient W, disclosed an
efficiency cons1stent1y above 99 perCent on the basis of
a theoretical thrust reaction of o ='1 "and an effective
thrust reaction for jets with diameters of a few’ inches
and_speeds up to 300. - 400 meters per second .

0f the remainlng coefflcients: a =1 + ¢ the mass
increasé.and @ the heat 1oss, the first is a function
of the increment of the total temperature and can be
computed as follows: if P is the lower heat value of
the fuel and Cp the specific heat of the mixture of air
and combustion products, the increment of the temperature
A T for each kilogram of air is: .

-— — —

1
i

P-cp AT

—— [ 4

- !
R . P
(1 ¥ e)egAT=cP |1+ N S ¢
| - LR

where' ¢ 1s the amount of fuel per kilogram of air.

The increment A T, beyond the dynamic compression,
is, in accordance with the foregoing arguments,

_ Q1+ k)

ey A Tm
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- whigch, bearingAin mind the relations (3) section 10,
" readlly affords c e e oo

.............

am =t < (2

"Mo illustrate: for values A T of the order of 500°
and with gasoline P, 11,000 calories, we get

’ N 11000 1
b *+e = 11500 — 130~ = 1011

The coefficient of heat loss ® cannot be evaluated
by disregarding the type of thermic insulation adopted in
practice. But, to take as example the most unfavorable
case, that is, without insulation with an exposed area
of 10 m® and a temperature jump of 5000 between inside
and outside, assuming a coefficient of transmission by
convection and radiation in air at density 1/8 of that
in the ground of Xe = 40, the heat loss per second is:

A C = 40 x 10 x 500°/3600" = 55 cal/sec

Since such a propulsive unit would have the dimensions
corresponding to the development of horsepower at altitude
of about 250 horsepower, or 439 calories per second the
resultant consumption with y = 0.20 would be about 2200
calories per second. Hence, the loss in this case would
be reduced to 2.2 percent without insulation. With
thermic insulation this loss can, of course, be reduced
to insignificant values, that is, values of less than
1/100 of the consumption.

13. ILLUSTRATIVE CALCULATION CF THE PROPULSIVE EFFICIENCY

(a) Operation without combustion - speed 500
kilometers per hour. : A : o .

Let us compute the efficiency of a propulsion systenm
capable of operating at 500 kilometers per hour at 500
meters without the aid of combustion. In this case a
coefficient of heat loss of ¢.= 0.99 may be assumed.
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We get v = 139 meters per second.1 Suppose, om the other

hand, an
Adiabatic efficiency of diffuser eeeescees B8 = 0.96
Coefficient of maximum internal heat loss. z = 0.97
Efficiency of discharge €one ..c.c.oocee..a @ = 0.99
Adiabatic efficiency of compressors.....,. ¥ = 0,87
Augmentation of mMassS...ceveeoavenonvoeas .+ a = 1,005
' ' = 0.24

BEfficiency factor of engine ...,v..0%..... €

Then by apportioning a ratio r = 1 for mechanical
and dynamic compression, and allowing for the fact that
the temperature at standard air at 5000 meters is -170=
256° X, we obtain according to formula 5, section 10:

1980 _x 256° + 0.97 x 139%
0.97 x -0.96 x 139"

= 29.30

whence, immediately follows, according to equafion (4)
section 10:

1+ 1

= = 0.066
29.30 + 1

as the efficiency of the adiabatic cycle. In the absence
of combustion, that 1is, with K = O the thermal efficiency
of the group becomes, according to equation (7) section 11:

B=0.24 x 0,87 + 0,066 (0.99 - 0.24 x 0,87) = 0.260

To find the mechanical efficiency it is necessary to
secure the speed of discharge or the ratio R. According
to equation. (4) section 11 it is:

' 0.99 ~0.24 x0.87
2 — ]
R® = 0.99 x0.97?<0.96 [ 1+.1f'°f°66 St 28T =2 072

hence R = 1.440 and for equation (5) section 11

2 (1.005 .x.1.44 -1).
n = 0,99 ( ) _0.781.

- 1005 x 1,442 - 0,99 x 0.97 x 0.96
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and finally . . o

'y = 0.761.x 0.260 = 0.198

Bearing in mind that, by assumption the efficiency
factor of the engine is e = 0.24 it follows that in order
to obtain an identical efficieney with the same engine bdbut
with a propeller, an identical efficiency, the propeller
efficiency must be }

- 0.198 _ o oo

n
e 0.24

Modifying the efficiency factor 10 = 20 percent more
or less would produce an identical result about the equiv~-
alent propeller for 500 kilometers per hour speed of ad-

vance.

(b) Operation with combustion - speed 950 kilometers
per hour. . . : . S ) _

Let us assume any altitude up to around 14000 meters
where it 1s desired to realize a propulsion of the system
at a speed of 950 kilometers per hour with the setting as
in the preceding example, hence with the same resistance
to advance, (discounting for the moment the effect of the
compressibility on the value of the resistance itself).,

Then a new effective power

O
(o]

5

HPgso = HP5oo X 755 = 1.90 HPg,

|

(@]

is necessary. Hence a 90 percent power increase must be
provided.

Supposing, subject to check later on, that thls power
ijncrease can be realized with a better efficiency than in
the preceding case;, that is y = 0,22, -In this case the
consumption at 950 kilometers per hour would be higher than
that at 500 kilometers per hour according to the relation

Coso = Csoo X 1.90 %L%%% = 1,71 Csoo h#nce X = 0.71
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Repeating then .the calculation with X = 0.,7l.and
o = 1.01 while retaining the same coefficients and bearing
in mind that the new altitude will be attained at 14000
meters approximately where. the gtandard air temperature is
56°, 5 ¢°, and hence T, = 216°, 50 we find:

1980 X 2160 ,50_+ 0, 97 X 264 = 7.65
0.97 x '0.96 x 2642 B

Assuming further in this case r = 1.00 we get

1 +1

65T - 02513

X =

whence thethermal efficlency follows according to equation
(1) sectlon 11 at

B = 0.87}(0.244-0.2318 (0.99 x1.,71-0.87 x 0,24) = 0.323

1.71

The speed of discharge is obtained és before at

R® = 0.99 x 0.97

0.99X1.71=0,87X0.24 >= 3.36

X O.96<1 +1+0,2313
) 0.87 x 0.24

whence follows:
R = 1.832 and with o = 1.01

- , 2(1.01x 1.832 ~ 1)
= 0‘99 . - - = 0.680

n = ) s : :
1.01 x1:832° -0,99x 0.97 X 0.96

y=mnB=0.22

This efficiency could also'be obtained with an-engine-
propeller system having an engine with a horsepower 71 per-
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cent greater than that nec¢essary for a speed of 500 kilo~

" 'meters per hour but- with -a propeller .efficiency of

. _ 0.2
" T 0.24

[a)

='0,916 -

It furéher follows that the éonsﬁmﬁfion K = 0.71
produces, in effect, the propulsive power increment

UL 1.71 9.22 _ 1,90
N - 0.9 T

with respect to the precedlng case.

(c) Case of engine stoppage - speed 950 kilometers
per hour.

Assume case (b) in whieh the engine stops while run-
ning at 950 kilometers per hour. The efficiency in this
instance would become

»is

as seen in 'section 11,

The thermal efficiency B thus assumes a constant
value . .

P 0,99 ’
B = = = ot = 0,. 1225
v A 7.65

and the propulsive eff101ency w1th ¥V = 0,99 & = 1,01
becomes

¥y = 0.1225 x 0,99 . (1.01 R-1) 2
1. 01 Rz~ 0. . 931

Under these condltions the efflciency is then a sole
function of the chosen ratio R of speed of inflow and
of discharge. The maximum efficiency can be obtained from
equation (11) section 11, in which
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"By = 14 /1 ~ 0,931 =:1,2625
It obviously is obtainabdle for values of R ranging
between R = (1l.20 ~ 1.50) ‘since, being located at the

point of maximum on curve y = f (R) figure 4, a variation
in R does not change the value of y and assumes the value

0.1225 ‘
Ymax = '1"_2"6-‘—25 = 0-1025

So, in order to obtain the propulsive horsepower necw~
essary for flight in case the engine stops, the consumption
increases in the ratio ' :

0.22_ _ 5,15

c! _
¢ ~ 0.1025

o#er that of the previous case,

Hence the propulsive power required can equally be
obtained, when the engine stops, but the consumption then
increases by 111 percent at .950 kilometers per hour speed;
at lower speeds it would imerease in much greater proportion.

(d) Operation without combustion = V = 380 kilometers
per hour.

Leaving the setting of the assembly unchanged' its speed
at zero altitude would become about 380 kilometers per hour.
Under these conditions an atmospheric temperature t + 15°
~that is, T = 2889 always with r = 1, - affords

. I 2
v = 105.60 a = 1980 x288+0.97 x T05.80% _ 54 g
~ 0.931 x 105.607 '

hence
1 + 1

S —————— = 00,0347
56,60 + 1

and theftherﬁaIAéfficiéncy becomes, with X .= 0:

B=0.24x0.87+0.0347 (0.99 «0.24 x0.87) = 0,2364
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The ratio R2 is given in ‘the usual ‘manner by
- 2 d: 922<2 ‘,AO'- 054-7 oﬁ.“"?é;lt-vfl’.j:1= ;.965
RT = 0.922 (2 + 0.0847 5265/ 7 *7
“hence , -
(1,005 x1.401 ~1)2 _ 0,767

0.99 -
N 10005)(1-965"0-922

R =1.401 1 =

and finally
0.767 x 0,2364 = 0,1815

y
According. "to this it would be possible to obtain at
zero level the same result with the same engine and with
an equivalent propeller capable of an efficiency of
) 0.1815 .
n T A 0,76
¢ 0.24
in the absence of combustion, the

Hence at low speed,
equivalence with the engine propeller unit is complete.

14. OPERATING CHARTS

The calculations of the foregoing examples were re-

peated with <Y = 0.835 for a large number of values of para-
r and in a way so as to secure an efficiency curve

16, 32

meter

for each speed and altitude.

the successive values 1, 2, 4, 8,
X + 1 for each chosen speed

In addition.
and o were given to factor
and plotted against parameter r for each propulsive effi-
ciency chart, :
The base speeds were .assumed at altitudes correspond-
ing approximately to those obtainable with conventienal
in the same setting as at

equipment which at sea level
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high altitude, had a speed of around 380 kilometers per
hour.* The variations in the efficiency resulting from
an altitude .other than that of the chosen basic altitude
are very small and readily computed -as - -will be shown

bel OWoe

The results of this systematic study have been col~
lected in charts I to V which refer to the cases in the
following table:

Chart No, Speed Altitude Temperature
km/hr (m) ¢
1 300 0 + 15
2 500 5,000 - 17
3 700 10,000 - 50.5
4 900 14,000 - 56,5
5 1100 16,000 - 56,5

The- siX curves corresponding to values 1 + K are
indicated in each chart by successive numbers. The curves
corresponding to progre351ve consumption are referred to
the engine consumption in the ratio 1 + K = ct/cm.

".In the absence of the compressor the propulsive effi-
ciency attains, as previously noted, a value which corre-
sponds to K = 6. So instead of a curve, a point with
abscissa r = § deflnes this condition on the chart.

These charts reguire no further explanation. It
i1s readily seen that with increased speed of advance
the effect of factor r is slight at small combustions
K < 4 but becomes profound for combustions absorbing
from 4 to 30 times the consumption of the engine alone.
The maximum of this curve shifts rapidly toward minimum
compression and to zero for K =o¢ This tles in with
the fact that S

P(L+ X)) - e ¥ ]
e Y

R2 = Y 2 8[1+ r+r X
. L

* The altitudes are included for tHe sole purpose of
establishing their order of magnitude. Temperature
and speed must be fixed. The time altitude can be
accurately secured when the aircraft characteristies

are known.
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~with ascending X, that is, the internal temperature,
inéreases rapidly and this rise is so much faster as X =
is higher or as the speed is greater, and in consequence
of which the kinetic or propulsive efficiency m drops
quickly to very low values unless low ratios of comprese
sion or minimum values of r are used..

If the speeds plotted in each e¢hart had been obtained
at an altitude other than that shown in the tabulation .
the corresponding curves would manifest slight variations.
But instead of varying the curves it is sufficient to
asslgn to each chart a speed diagram different from the
basic speed, since the curves themselves correspond exactly
to the different situation.

In fact, all the other coefficients being equal, the
term a is the only one that varies with the speed, hence
identical curves correspond to two situations which have
an identieal value of term a. According to the definition
for a, 1dentical curves correspond to two situations defined
by speed v and v', and temperature T  and T,y 1if the
relation :

1980 To + z v® _ 1980 Tgy + z vi©

z 6 v2 z 6 v,2

is satisflied. From it the new speed v, corresponding to
the temperature Ty, differing from that assumed for com-
puting the above chart follows at

1980 T,,
z(ae—lj

2 =
Vi =

where a 1s the value which corresponds to the chart in
gquestion and hence

Tos
Vi T VST : (1)

The foregoing relation enables the direct deduction.
of the new speeds corresponding to each chart for temper-
atures other than those on which the plot is based..

The variations are, howéver; minimum at high.éltitude
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as seen-from a study of .the temperatures at altitude,
while at low levels. they would- be considerahle and other
than. negligible. . : . .

All the plots are separated by the horizontal y’: 0.19
which corresponds to the efficiency of an engine~propeller
unit with a propeller efficiency of no = 0.80 and with an
engine identical with that mounted on the Jjet propulsion
system.

It is noted that in absence of combustion the. efficlency
of the ‘jet propulsion unit, hence its range is consistently
greater than that of the engine-propeller unit at speeds
above around 450 kilometers per hour and slightly below at
lower speeds. (This result refers to the case ¥ = 0.835;
with %¥.= 0.87 the equivalence shifts toward 380 =~ 400 kilo-
meters per hour). At a speed of 1000 kilometers per hour
the efficiency with X = O would be 0.29, hence the range,
in relation to an equivalent engine-propeller unit, increased
by about 47 percent while at 300 kilometers per hour the
efficiency would be 0,176 and the mnge about 7 percent less,
Equivalence is reached at about 380 -~ 400 kilometers per
hour.

This last situation with K = 0, when compared with
the boosting of air in the engine which, as seen very shortly
can be pushed to 2 ~ 3 atmospheres, can be o0f interest for
‘long range aircraft capable of very high speed.

The~ rise in efflciency in thls instance compared to
an equivalent engine-propeller system is largely the result
of the utilization of heat dissipated by the engine, It
was found that the combustion always produces a drop in
efficiency, the percentage being so much more accentuated
at low speeds and less at high speeds; so, for example,
at 1100 kilometers per hour with 1 + X = 4, +that s,
with an engine developing only 25 percent of its total
power, an optimum efficiency is still obtained.‘

Since, in general, the ahbsence of combustion calls
for high engine horsepower and hence a lower useful load
by equal gross weight of the aireraft, the greater range
at higher speed is always obtained with a more or less
high consumption to be defined for each case according to
the aircraft characteristics. Such study is' facilitated
by the effective power diagrams which are given at the
end of the'present report, following the analysis of the
internal temperatures and pressures of the propulsion
system. ' o T ' o s
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“The operating diagrams must be" COmpleted with a
systematic’ examination of . the total pressure and - maxi-
mum temperature, so. as-to permlt an accurate examination
of the eventual reduction in engine horsepower,‘or to -
study the 1imits of applicadbility ‘of the’ charts in re-
lation to the maximum temperatures obtained. in- corress. |
pondence with the different values of r or of the
, various mechanical” oompreSS1ons. ‘Folldwing thHils the
dlagrams, .enabling ‘the" plotting of "tHe efficiency curves
at various height levels in relation to ‘the maximum
speed obtained without combustion, are illustrated. Do
The compressions produced in correspondence

follow from equation (2)

a value correspond-
we get

(a)

to a given valde of r and a
section 10, where, with X = 1.41,
ing to the case of air with t < 200 to 300°,

: Py 1 | .
I T }‘ (1)

L

Since X is a function of r, py/py alsc is a function
of v, so the curves of total compression and of mechanical
compression can be plotted for each speed.
at a'épeed of 950 kilometers per hour

To illustrate:'
it affords with r = 1

= 0 (engine stopped)~

while for v

2. 44‘; 1{62

PR

- Po Nl = D, 1303 L

1 corresponds “to a total compression of 2.46
152. By

i

heoce r =
and a mechanical -compression of 2. 46/1 B2 =
this method the curves of the ratios of total ‘éompression
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and mechanical compression have been plotted against r

in each diagram for each speed. - These curves, put in re-
lation with the relative density at the effective height
where the speed of the diagrams were obtained, enable

a - dquick oriéntation in the -choice of a more appropriate
value of r in the different cases for canceling or at

least minimizing-the -drop in engine® horsepower at altitude
which is expected in every case with the usual high alti-

tude compressorf

(b) - The maximum temperature reached inside the pro-
pulsion system 1is -given in egquation (3) section 8, which,
starting from atmospheric temperature To» gives the total
increase:

=T0(ATd+_l+KATm\_

Tl =T

o e Y To /
whence, with
To + A Td.= a' A‘Tm -
6 & Tg 6 44

in mind, follows

k]
g1 “:To - T, 1 +6 r (1e-K)/e Y (2)
6 a~1

For the speed and altitude of exmaple (b) the above
equation becomes, "for instances -

l + 4,55 r (1 +k)
216, 50
! ’ 6,15

T, o~ T =

for r =1 and ¥ = 0.71 it is

35.20 4+ 160°% r (14+ K) = 309,2°

+3
S
4
H
Q
fl

* The dynamic and mechanical compression work in series
beyond the effect of the compressor.
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whence the femperature in °C in the example is

ng.o © -_0 : - Q
Tpax = 309.2° ~ 56,67 = 252.7

Plots Ia to Va show this maximum internal temperature
~plotted against r for different wvalues of 1 + XK, Case r = 0O
cannot be shown 1n the temperature charts. . In this instance
Tiy - T, is expressed as function of R. 1In
with K =« ;

the increment
fact, according to egquation (4) section 11,

r = 0, we get

Qv K>

Rz=zwe(<1+aey

while the foregoing equatiocn (2) affords

T""T-':T l+9vK/eY
N ° ° a § -1

©; and, after elemination of rk/e¥ :

T / a (R® -~ y z¢6)
T - = -9 )
' N ° 9a-1\l+ WZCD > (5)
!

it affords in example (c)

So, with R = 1.40,

7.65 (1.402 - 0.922)}
t - = 5,99 = o
Tha = To = 35.3 <l * T0T99x 0.97 x0.99 JT295

and the internal temperature

= 295 -~ 56 = 239 )

tmax =

the dimensions -of the propulsion

if, with engine cut out,
R = 1.40

system enable it to realize
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(¢c) It is also necessary to know in function of r,
the aspect of the temperature immediately following the two
successive stages of dynamic and mechanical compression and
whether for checklng the value of Z resulting from the
effective density after the compression or for examining
the cooling capacity of the compressed air which leaves
the radiator and feeds the engine. . Thls temperature is
quickly secured from the foregoing relation by putting
K =0and e =1 as is readily seen from a comparison with
equation (9) section 6. :

Thus the increment produced by the dynabid and the
mechanical compression alone follows at

1+.%._1:

6 a - 1

(3)

T, - To = To

f

In the cited example this increment 1s given by
Ty = Ty = 55.2° (1 + 1.09) = 73.6°
whence the temperature t; efter compression is:

t, = 73.6° - 56,5 = + 17,10°

Now, the velocity vy in the section (- which evidently
satisfles '

can be accurately computed.

The ratio

Peliad LY (4)

which is also included in the graphs enables a quick cal-
culation of vyp/v for a given design ratio w/Q and hence
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. Lastly it 1s useful to know the power required for.
the mechnanical compression of 1 k110gram of air in corres-

pondence to each value of r.

This specific power in horsepower per kilogram on the
= 5,70 horsepdwer and hence

basis. of 1 calorie per second
1,345 horsepower ‘is simply ex—

pressed by
HP _. ; A Tm _ 1 = -8 r ! .
22 = 1,345 &2 = 1. 345 : . . 1
Q ) N I 4 (,93'“ 1). ]. .. (5)

where Q is the quantity of air (in kilogrem) compressible
per horsepowere.

16, OPERATION OF COMPRESSOR AT CONSTANT;POWER

'~ The knowledge of the specific power of compression
in function of r and of the quantity Q actually inductible
by the inlet opening under the various conditions of flight
enables the evaluation of the charaeteristic curve of the
compressor in relation to chosen values of r at various
speeds of advance, or the curve expressing the ratio of
effective compression in function of @, and vice versa,
the prediction of the values of r at different speeds and

heights for a ~glven type of .compressors

The quantity inductible by the compressor in the various
phases depends upon the design characteristics of the unit
and may vary for each speed between fairly wide limits of
the geometrical quantity that can be inducted on the basis
of the opening of the inlet and the alr density. The var-
lations can be. effected by varying:.the discharge parts
(reference 1) 'so.as to 'produce a positive. or negative pres-—
sure’ in the actual throat of the-intake w3 .and hence. a-
speed of inflow vy ‘variable on the throat; while the speed
-v . of the unit is - maintained. - The fundamental quantity-it-
self is readily ascertalined, - : e T o

as specific welght of ges end

With &p .wi the real
opening-of the:inlet, -the fundamental quantity Q follows at

Q=¢gpwi v (1)
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This fundamental quantity varies considerably with
altitude and speed by modifying the characteristic curve
necessary for the compressor in the various cases of flight.
Two types, of fundamental operatlon or. limlting cases are
involved, namely: . .

(a) flight at various heights and speed with constant

angle of setting,
(b) flight at constant altitude with speed and setting

variable.

In case (a) with fixed fundamental setting of aircraft
characterized by, say, setting for maximum fineness, or
lecast energy and for a specified wing loading, the speed
of advance is tied to the density through the relation

v=v, [0 (@
V/ P
where v is the speed reached by the aircraft at zero

altitude and density p, 1in the setting under consideration.
(This relation is in ‘practice sufficiently approximate up
to.900 to 1000 kilometers per hour. For higher speeds a
certain approximation obtains for symmetrical profiles,

while for cambered profiles every validity is lost (refer-
ences 16, 17). 1In consequence law 2) can also express

flight beyond 900 to 1000 kilometers per hour but with
approximate changes in setting).

With Qo as the quantity at zero altitude the funda-
mental quantity that can be inducted at various speeds is

Q= Qo XVQ kg/sec (3)

Hence the quantity (in kilogram) in flight at constant
angle of setting decreases proportionally to the increase
in the speed of translation. This result tles in with the
formula for the mechaniéal compression attainable with an
available horsepower and enables the deduction of value r,
for the fundamental quantity, at constant horsepower and
variable altitude.

With ag denoting the value'bf a, at speed vo and
zero. altitude, equation 5, section 15 affords, with r, as
value of r at zero altitude, '
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HP, § a - 1
ro ===0 L__Ta
Qo 1

i .345. 2

i . {

]

f% for the basic quantity Q.

i

3 But with

)l B »
| a-1. To .120T

1 ] ATq =~ 2z v2

v

taken into account (equation 3, sections 10 and 5) it readily
follows that the ratio between the value of r at speed v
and the value r, is simply expressed by

St D

l
i V= Yo g %L i (4)

. or by equal power of mechanical compression the ratio r
between mechanical and dynamic compression for the geom-

- etrical quantity decrease prcportionally to the rise in

i speed of translstion and to the drop in absolute temperature.
With an arbitrary value of r established the successive or
preceding values at different speeds (always in flight at
constant setting) can be immediately identified accurately
on the speed diagrams, with the added convenience of adopt-
ing for each speed a slightlydifferent value from the basic
one, so as to increase, for example, the compression of
gases feeding the engine.

Referring to the basie values of r as deduced by
the foregoing method we_ get

ATy _ A Tp 1980

C$ A Tg z § v=2

hence
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a formula which, put in ratio with 'the preceding one, gives

A Tm '

Since the increments A Tp are proportional to the
energy W, Iimparted by the compressor to each kilogram
of fluid, this specific energy of compression increases
in proportion to the speed of advance.

Following this the volumetric quantlty is put in
ratio with the above energy Wm-A

But with  as the intake of the compressor, v, the
speed in the said section and w3y the intake of the pro-
pulsion unit, it affords

v.. = v i Po
v < e,
with
in ATy 6 a I po _ <a -'1>3.44
To—.1+ T T T ; > = = (7)

derive from equation (3) section 10 and eguation (6) sec~-
tion 5 the volumetric quantity of air per mc/sec.,

Qv = v O = v B a a - 1\°°** '
voow L AP a = vowiF (7

Hence, given the quantity Qy, which corresponds to
speed vy and which can be obtained by the above formula
for a = ag, the different volumetric quantities can be
secured from the formula

|
244
- v B, 6 a (a =~ 1)
W = Ao 75 Fol e Y (8)
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where F and P, are the reduction factors resulting from

L

E - fac

= -the dynamic .compression which are obtained from previous
e equations.* ' ~ :

§ To illustrate: the factor F in che assumption

b |

% 6 = 0.96 z = 0,97

i :

F)

assumes the aspect of that in figure 5 with respect to
different speeds of advance and temperature, which results
from a speed of 380 kilometers per hour at zero altitude.
‘The factor changes, of course, when the speed at zero
altitude 1s modified. :

Case b, flight at constant altitude, being secondary
in importance by reason of the high fuel consumption
(reference 19) is discussed later.

e -

18. CHARACTERISTIC CURVES OF COMPRESSOR

WITH CONSTANT POWER

In the case of centrifugal or axial compressors
with fixed blade angles, with N, denoting the rpm at zero
level and 7V the speed, since at similar speeds the energy
imparted to the fluid is proportional to the sgquare of the
rpm, it follows that, being able to change the rpm, it can
be made to satisfy equation (5) section 16 very simply by
means of a change in N, so that

bty (N _ [y
ATmo Yo Vo To

that is, by shifting the operation of Ny (figure 6) which
expresses the energy A Ty in relation to the volumetric
quantity Qv ={v,, toward curve N which is obtainable
from the preceding curve (reference 20, p. 176, reference
21, p. 210). L :

_*This factor is none other than the relative déensittes
of the outside atmospheric conditions.
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However, no matter:-what. operation is: maintained in

strict analogy, by passing from curve "N, to N,

‘the speed

vy In the inlet orifice must vary in proporfion to the

ratio

‘variation of v

N/No; and vice-versa, having defined the effective
in relation to the causé previously ex-

amined, the given points cannot correspond to the affined
ones, but rather are characterized by the new volumetric

guantity

Although appreciable,

Qv

obtainable from équation (8) and energy A T,
deriving from equation (85).

the displacements have no material

effect on the efficiency and by whatever method the foregoing
quantity is modified in respect to the basic quantity, we
can, if necessary, plot the operation to the most convenient

one,

or to the speed in strict affinity.

To illustrate, with an assumed basic speed of
kilometers per hour, the successive spee@s follow at:

Vo = 385

km/hr T, A Tm /JA Tm ]
& Tmo 4 ATmo
385 288 1.00 1
500 256 1.15 1.072
700 233 1.41 1.187
3900 216.50 1.76 1.326
1100 1216.50 2.15

1.467

. On the other hand, régarding the sﬁeéd,in the intake
in relation to the geometrical quantity the variationsare

as follows:

km/hr P1/Po To/Tq F v/vo gxzzn' nt/n*
_ Qvo
385 =vo | 1.066 | 0.990 | 0.950 | 1 1 1
500 1.128 0.965 | 0.920 | 1.30| 1.256 1.17
700 .1.309 0.920 | 0.830 | 1.81| 1.590 1,34
900 1.558 0.873 | 0.735 | 2.35| 1.810 1,36
1100 1,900 0.823 | 0.640 | 2.85 ) .1.925 1,32

*(This ratio represents the distance of removal of the
affinite speed)’

In this case, fixing the maximum efficiency of the
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compressor at - n'/ 1,17, for -ingstance, "at - speeds above

,0F below - 600 kilometers “per -hour-the" ‘quant-ity could-be
varied up to 20 -percent from that giving maximum efficiency,

hence -the compressor. would always operate .dt ‘maximum éffi-
ciency. 7Pigure :6.illustrates this ‘behawior of the com-
pressor at different forward speeés and ‘heights. (Instéead
of plotting the -prewalence~quantity - curves ‘'for different
rpm we plotted . those for ,/ prevalence: =~ .quantity, where
the affinite points are aligned with the origin, rather

A guasi~ identical result can be obtained by a variation
of the rpm, a variation which requires. a’ change - in speed,
with an appropriate determination. of .the charactéristic
compression curve, or by other mechanical means customary
in the manufacture. of compressed air.  :In this respect there
are any number of possible solutions according. to either
the characteristics of the heat engine or of the employed
compressor. )

But for the purposes at hand it is sufficient to show
the operational variations of the compressor required at
different speeds in flight with constant setting at high
altitude.

ThlS example ‘shows that the variations  n in fpm will

be minimum in comparison to the speed’ changes ‘of the air-
: craft_(while the -speed changes frcm 380 to 1100 kilometers

per hour or 180 percent, the rpm rise from 1 to 1.467 or

.scarcely 46 percent)

-These small variations can be annulled or minimized
by proper care, as stated before, so as to approximately
insure constancy ‘in -englne.and compreSSor in flight at’
different speeds and rpm.

Gontrariwise. in flight at constant altitude, po To
ls constant, hence - T .

A Ty
4 Tpo

.-Qv.;?‘ e o .
Qo Yo | )

2 =2
hent Y
v

.or any :rise-in- speed:is accompanied by a rise in the volu~

metric quantity and.& drop "id "the energv v& ‘T chence, a
farther removal -from ‘the the basic point which is defined
by the maximum efficlency. ! .
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But since the increases in speed afforded at constant
height are much inferior to those of the preceding case,
satisfactory operation is readily attainable in this in-
stance, also, either by utilization -of the elasticity of
the compressor, which, if properly designed, allows for
ample changes in quantity while retaining high efficiency,
or else by changing the effective guantity in respect to
the basic quantity.as previously outlined.

Figure 7 represents the efficiency and the experimental
power of an axlal compressor especially designed to absorbdb
a constant horsepower and to furnish a constant efficiency
for wide variations .in volumetric quantity. The tests agree,
as shewn, with theory.

As regards. the varlatlons of 'r in flight at constant
altitude, they are readily secured by combining the previous
equation with the formula for r given in equation (3):

r Qg Y¥o© _ vo® ’ ‘

Thus r decreases in flight at constant altitude very
rapidly with the square of the forward speed. This decrease
at increasing speed maintains the propulsive efflclency near
its maximum value, by reason of. the fact that at constant
altitude the increments of the power require strong é¢om~
bustions, hence large values of 1 +.X and; on the other
hand, as 1 + ¥ increases the maximum efficiency is, as a
matter of fact, removed toward the minimum values of r as
manifested by the propulslve efficliency curvée, On passing
from one speed to a higher one, the new curve has a K
value whlch can be obtained from the relation

. . - 7 3
1 + k. = 2o ’;lx
v. ¥ vo/

on the assumption that the horsepower requlred for flight
rises with the square of the speed, where y and Yo are
the efficiencies involved in the two situations.

Thus a brief examination of the behavior of the com-=
pressor in flight at different altitudes and speeds with
engine ‘at constant power brings us to the study of the :
behavior of the unit at variable altitude and 'speeds with
engine of decreasing power, - a case that is inevitably
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presented when the altitude?is”iheréased'beyond'g certain

= 1 1mit LT B T T O S

- .

This Study is heid in éﬁeyance pendiﬁg 1ts ultimate

development at a future date in a manner fitting its im-
portance and .in connection with new experiments under way.

. .

For t he preseﬁt it sufficee to mention their éxistence

and significance. for the accurate prediction of the behavior

0f the system at high altitude and various speeds.

:Trans1a£ion‘by J. Vanier,:A

National Advisory Committee
for Aeronautics.,
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Figure 6.- Compressor curves.
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